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ORIENTATION-DEPENDENT SHOCK RESPONSE OF
EXPLOSIVE CRYSTALS ●

J. .J. DICK

Group DX- 1, hlS P!KJY,Los Alamos Natirmal Laboratory, Los Alamos, A’i~t/lAfcztco 87545 CSA

%-me orimwm,iorw of PETN rrystnls hnve nnomahmsly high shock initiation smsitivity around 4
to 5 G Pa. Results of a scrim of Iw+er interfcrometry experiments nt 4.2 CPR show thnt this is
nssocirited with an Aatic-plastic, t-wave structure with huge elsatic precumors. Implications for
the initiation mechanism In sinde crvstrds is discmsecf. Initinl work ml hetn rdmso. monoclinic HItfX. . .
is lilso descrihmj.

INTIZODUCTION
Anomalous luminescent ~llnisalon nml initln-

t ion of detonnticm hnve hem observed for two
orientations of slnglc crystals of pmmaqythritol
tetranitmte ( PETN) in shock wtperiments near
4 GPa.( 1) The crystids were more wmsltive at
4,2 Cl% thnn nt 8.5 Gpn, From the dntn mmil-

able it wrw not ch-wr whnt wnH rmponsible for thi~
nnomaly. In ndditlon to t hc .smudtlvitv nnomnly

observed in wedgewtpcrimcnts, the wm an un-
usrml intcrmdlntc velocity trmnsiliwl Iwtwfwn thv
inltinl shock w+clty nnd ttm find dmotmtion v-
Iucity in R Wrwigr cxporinwnt on n [1 10] crystnl.

Aftm CfJIWIhh!Hlthl of them’ rcwdts it srvmtwi thnr.
Iumrsu;ing tinw-rwolvcd Ilistorios nt, ruwwrnl thick-

lwssm thrr)u~h t.h~’illlt int ion regimo would be very

Ilclpful in rlnrlfving t ho tmturr of t II(? nnomfd,v.
Thmt’fmt: n wrhw of mmmurrnwntn of pnrtk:lr vs
time W wwIrnl t,hkknvsrm thrr)(lgh ttw illhhthm
rpglltlll wrm Illl(lwtnkwl Ilsllig w40rlty Illterforonl.

4Wy. “lh romlts m’ rq)(mtml Ire’, ‘HIV nwuhs
Indrntr t hnt r 1111IIIIImInlV Is wu)cintwl with fuq)-
Ilrutwl O]MIk, 111111l)hwtk. wvw \vlt h lilr~(’ IIIIIM-
Ilr prvrwrrmt~, In whliti(m ti) Ilw II 1(1] wt@-

mcnts, mpwinwnt~ wwr p(dhrmml nt 4.2 (; Pn {III
[ !Ot)lml [001] Imlvntul.hn)s M wrll TIM’ rvmmls
show (~rlwltnt km ilvpwNl{IIm(’ ill uit’iml wit h pro-
vlItIIs Iulllinvruwllt. i~xlwrillwllt~ iultl n tlli]ii~d ~d’
Itrlplltllll{)ll illtll[ql(li,ll(,l~ l)f slli](,k ~~~llsltl~lt~ lNM~l

{m storil’ llilltlrntl[’~1 t{) sluwr, (lml ) ltltl~rll’r~lll~~’try

I*xpt’rilll{vNr4 WIIrI’ ll~wl!wlll(’{1 1111[ I Ill] (.ryrdds Ilt
—. —.—. — ..— . .
“ \V,wk I,wftwmml IIIITIIII 11111:IIISIIIIIW III11111I‘ ~ I hqImI.
111!,111ill I(IIML!V

stresses rnn~inu from 4.0 to 10.5 G 1% in order to

look nt the vnrintion In mntminl rvspnnw from

the nnomtdou:l regime to tlw highm stress rcgimw
The records show n continuous vnrlnthm from one
type of history to nnot.her. At higher Htrmwea with

a dngle shock, thw inlti~tlng How pwks further be-
hind the shock WRWI. ‘IW rrwults in slowm shock
growth at (i nnd 7.2 GPn thnn nt -f to 5 Cl%,

EXPERIMENTAL TECHNIQUE
PETN crytmds werr HU~)jCCtdh) rhck Udllg

u llght-g~ gun fncilit,v, Pnrticlp vrlority vs tlmc

hlstorles wrw recorkd nt ttm PETN/P\lhlA win-
dow Intcrfnrc u~ing n w’lorlty It]trrft’rolllt’tcr. Pro-

@tllW Illluh’ of 2024 nlmnhmm ww imputvd on
W-F (l)l)l}?,rl!l~lorot’lll~]ro~’t h,vlonv) (Iisrs 50 mm
In dimnctor nml 9 mm thh!k. ‘1’hvI’IUX cryrmt]s
werv mounmd on rho ~illlltlitllltll. (’(~~lr(~l,Kd-F dlHr

with n NIIICOIIVAummvro ‘IW crystnls M typhml

lntcral dhmm~ions of’ Ifi mm,
‘h’ mwiurfvwnt Nwtmtl us41flwns N thml,

pIIrdI-pIIll, VISAI{ ~ywmu.(3) ‘1’ht’ IIunl \rlSAl{
wltll IIltr(mqlt frlll~l’ fx)lltit.ntlts rImI~IwIs IIltll)lKll-
Ity in 111’lvrmildllg 1111*l)llrfl,,ll’-v~’l(~t’lly Jlllllp nt
t.lw rdlfwk WIUW wd rm lrlli~o~ Inmd IN’ III IIIIYI, ‘1’IuI

light Wiw f rnmrpmwl fn)ln t IMI nrgwl.ilm Imwr t (1
I ho tnrwf nlIll t IIIWVIII) t1111Illtl’rli’rl)tlnjl ‘r t NIA’

with Iilrvr [q)tl~w,

KXI~Elll MNN’t’Al, HHS{II,TS

III pt(wi{llls wwk( I ) NINIIIIIIIIIIIS{ll~tl)tllitil)tlWIIS
IIlwIwI~l III N [11[)1llll’l’,S l.rvstnl III II wlp Iw~
lwrlttmlt nt NIIIIIII,1.?li ( :1’11,‘1’1111rllll Illst I\tllv III

I
Ilwmnti(lll III WIIIIIVIIIsl)f’ritllltllts ws >Iliwtw IIt
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FIGURE 1. I ‘art wk. vs time hlstortm m the
l’flTN/PMMA interfncc for n 4 15 GPa input shock at
1825, 3.47, 4.44, rind 5.55 mm }’ETN ttucknes.sm of [110]
Orwntntwn

,l,~fj (_jPa th~~ at ~,~ ~ Pli, ‘l’he ~u]l ~jst~~~[, I]or.

mttlly would incrmw nnd the srmsitivity decrease
with decreasing input shock stress. Furthermore,
t hc run distanct) wms the snme nt 4,2 Gpa Imd
nt 9,2 G pa, a double-wducd behavior. hlorc Px-
perimrmtal information wtLq lwwkd to clarify the

I)ehaviorl In order to ot)servc the beh~vior t)ehind
the leading shock WUVC,ILseries of four V15AR
experiments was pcrfornwd nt, 4,15*0,01 t3Pn I)t I

[110] crystals of different thicknesses in order t{)
nbtnin particle w tinw Ilistt)riw through t lw ini-
tintiou rcgimo. The fitwt two with qstnl thick-
IIIIS.WS of 1,825, und 0.47 mm ww in thu rt’gion of
~’onstnnt initini shock whity in th $w’dgvvxpw’-
iment. The third nt 4,44 mm thicktmw wns nt the
omwt of the intemrdntc vdwlty ttvudtion. ‘h
fourth rvtpcrirrwnt with n rryst.nl tl)irkllww of 5,55
mm WIIN in tlm r{’giont)f t tw intrwm’dintv vf*lority
trnnsitkmo “1’ht’pnrtivlo volority vs titll~l Ilistlwi(w
{d)tllill{,(i ;lt tll(, intfwfilt’(* Itr(i sh(nvlI il] U’i~, 1, It

wns Iltwxlm’twl to w n tw~~wnvv Strll{’1urv, III

Ilof, i’? tIN!lwtding wli\’1’ \vlt.% t hl)llght t 1) Ill’ I IN’

Imlk ~w plILstic wnvv to t INI tinnl shock stntm

At l,N2fi mm thwv is n Imw ditstic A){’k fiIl
IIIW{I[I I)y n plnMic wnvu, ‘14]NI~,l~~t,i[,wit’t~ llltl.

IJltIItlo IN 2.74 (’Jl)itill I) E’I’N ‘1’INIw Imwurs(m

strm~lhs m tlIlmlI Inr!+,{’r tllilt~ !lIt Rw* SIW*II I!}r

ltII)IIt sl]{)ck st rmgths III 1, Id (;I]U ‘1’lm’ tlI~I

(Lu+t h, l)r(x’~lrs~jr Hl~(J(’k~t tvtl~t h l(~r [1 101 l’rystd~

\l’lt.’+ I >() ( :1’/1 l)q)(w(hml (J t,lltst i{’ l)l’(N’IIISIII

0.00 ~
16

Time (#S)

FIGURE 2. hrtiCIC VS time Ilistorips at tht~
Pl?TN/PMMA interface for n computed 4.15 GPa input
shock strength for [001] And [100] orwntntions. “rhe (001)
crystal thickness was 379 mm md the [100] crystal thlck-
IIWM woa 2.90 mm.

strength on input shock strength in [1 10/ and [001]

PE’IT4 crystals WM noted itl mrlicr work(4) for
shock strengths up to 2.7 ~SPa. Eltwt ic precursor
strmgt hs were M strong as 2.() CIPn nfter 5 mm of

wave propagation in t hnt work,

There is twidence of exothermic initiation
chemistry causing incrwbsing pnrtklc velocity inl-
medintely behind the pl~qtic wave. The initiating
flow ncrx+rntes the second wnw’ so that it conl-
plvtrly ovrmnkes ttm dnst.ic shock I)y d mut -t.(;
mm rnlming ttw itlt.mmdintl’ vdocity trnnsitiotl

‘l’tIf’ detonation trnnsitiotf wns nt 64(:.L012 mm it]
the wrdgr oxpcrimcnt.

In Figl 2 pttrtidu vdocity vs t itlw historiw
f’or [()()1} nnrf [1001”orimtnthms for t lit’ snmu itl-

put sttvw uro displnyxl. f?)r thv [()()1](Jrictttnt i(m
nn ohtst k+.phwth’, two-wnvII N rll[’tImt is (Iisphiywl
similnr to thnt ohtwrvwl iII [1101orivnt Mi[m. ‘I’ll{’
~ilmtt,i{’I)r(vljrsor strtwgt,ll is 3,15 (;l)iI, IIIIK1’rIllntl
t)bsvr’t .1 itl [I 1(11I)riont.nt i(jtl IIOWIIVIII,ttw initi
nting WUVI+is wvnktlr tluul iII II 101 nt IIINI thil”k-
IIIISA III v~mtrnxt, rho I100]”t’r:;stnl {Ihq)ln.vsiI sitl-
L(IIIWIIWIto ttw fit)nl stut(’ fldh)wwl lIy N twurly
[Iotlstntlt I)nrtil’lo vvlI)IIity ill(lil~ntivll (II l+wltiidl, v

itwrt Iwhnvi{)r
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low-shock-strew sensitivity anomaly observed for

[110] cryatala. Initiation begim in or immedi-
ately behind the plastic wave. This is conaietent
with our model of sterlc hindrance tn shear. ( 1,2)
In the model the endothermic first step ht ex-
plosive decomposition is chemical bond breaking

in the sterically hindertd shear flow in the plas-
tic wave or shock, This leads to the exothermic

dmmpoeition steps on the way to initiation of
detonation. especially flt low stmses. Our pre-

vious geometric analyala of steric hlndratm for
rigid moleculee found [110] and [001] orientations
to be hinderrd and [100] and [101I orientntlons to
h relatively unhlnrlrwerl. These results were cor-

roboratwl hy molecular mechanic~ nnalysls of de-

formable molecules for the rasa considered, (1O()],
[101], nnd [110]. Fur the [100] orientation thrw

is a single wrtve with a Hot followlng flow indicn-
tlve of no inltlatirm response Is cmutistent with

the minimal merlc Mrtdrance for this case. The
small Astlc precursor(2) haa km overdrlven by
the phwtic WRWInt this Iovcl of shock strtmgth; I.e.,

the wave speed on t hc phtat ic Hugonlot IR fnator
than thr! wnve qwed on thr ohwtlc Hugoniot for

the input pnrtlr+ wh.lty rtf 0.0 lG nlm/@. Art u-
nlly, the hulk wnvo w’lodtv from the fit for PE1’N

glvea 3.S3 mm/~, wherrm memmrod clastlc wnvc
velocltlm for thh oricntntlon wmc 3.42 and 3.73
mm/~w for Input r.hck Ntrtwgthn of 1i1.! and 1W

GPu,(2) So tho wnvv volocithw uro vury (!Iuw to
thr! snnlo Vnllm,

nlt~tvmwnvv m,ruct.uro mtplahut mothtw ftw-
turc notwi in vnrllvr work,(1) WIN phdmllodr

rocrxrh of the Iumlnwrcnt, FIIIIHAIII It, WM hlfrrml
thttt t.hcrr wru iIII Aorhlng or dnrk w-m IAIIN1
tlm Iwullng dmrk, ‘1’IIIN Is (’(mldrmnt With t Ill’
I,IIIINNlimCImIIIIg [rolil t,}ll~r(lglon of thr plntcth’
WIWI1, IIIIt t ho Ivmling vhtmlr wIww ‘1’IIPhm’rprv-

t.nthtll h l.hnl I ho ptwk ill I ho Phutothmh! Ni~llnl

WI t hi fdINrKIUWlt fldl ill d)(lld h’d IN dll!’ It)

qmmlilt)g (jf t IIV WIIIMNIOIIIII I ho cryWnl I)y t 110twr-
l,fn(,! 1o11frtjlll I II{, frlql “llrfll,,~, llft~lr l~rrl~n] I)f t]~l,

IJIILWh, WIN”IS,III IOU, :! Imrt I(IIv vr~l[JNty rfw{mlr4
m AIN4WIII thtI MtNt.lv.ldw+t IC wmw tIl rlh’t m-u f~w

II IHI IllIll [[MIIIIM’IIWIIIII),INI‘1’lwrv nro nrnmw (m
twvh rt’~’(ml murkhl~( t 1111t 111111IIt WIIII III 11111IJINIIII.

Ilh Mh’ 111’nkWIIIIIII IN’ IIIINI’111111!hlln lu’1’w’111{’~1III
IIllr ]!)!)1 IIrllI’111,

12--
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FIC URE 3. I’dick vn time history at the

PWN/PKIMA interfmce for [1 10] arrd [001] cryntab
tihrwkm-1 to nbout 4,16 (Wa. An ehutic.plamtic,twe wave
timtrturc m dIIIplB.ym by both rmxrrdm The plauttc wave
iu folluwwl by intremnng pm-tIcle velrxxty due w exother.
mic inillatmn prmxw8M. In euuh c- the arrow Indicat=
the infmred pmminn of the peak in ombion as determined
fmm a phcrtdbda record m earlier work. The txrginrrlng
of tho fall In emimiion hrtenalty minckfa roughly with the
heginrrmg of tho plnsttc wnvr. Thin irdlmta that the Iu.
mimwcm mumbn IJIEE!Mm the ham {If the pktic wave.

‘1’}w photorliodo rotwrdN were ohtmkd for crytb

ttd thicknmscs ditktwt frmn thtme used In th(*
VISAfl qnwlrucnta. For [110] orientation the
phntodlm{c rrword wnri for n crytnl 2,79 mm thick
VH 1.825 Iurn for th{~ VISAR riword. For [001] orl-

wltnt,lon the photo fllmlo rorwrd wtM for n cryntnl

3,g4 mm thick w ;~,7!Jmm for the VISAR rmwrd.
‘W Input rdmrk ~trrwww woro vmrv equal wlthln
0,22 (11’IL fw 111[)] orluntntlou nnti wlthln f). 11 for

t hv [[)01] urltmt ntion. An tmulytdti wnN porfrxnwd

in tlw po~ition-t hnr phuw t{] (lotmnhw tho nrrlvnl
t,lnlil f{]r t Iw IIv(wt mu~t’lulutl With IJK? phuttdl-

mlo pvnk III, dw wmplv thlrkmww of t ho pnrt it%’
vdudty rlwmls mir+lmllnun ctmWmt Wlodty f~w

t In’ (Ilst urlml{w. ,\~w~mI WM tilkwl ~~ft.hu pm! 1-

~IhI wd{It’lty [If tlIII l} K’I’N/l)hfhl A Illtorfncv III t.liv
VISAI{ (’xpvrlmmt nn(l I’E’1’N frw Nurfnw VMW.

ity 111Ilw omlssiotl wqwrlmont, 1}111wnvr h~tvrm’.
I hms mm! l~:thml,l. ‘1’1111Illst Ilrlmnrv nrrlvnl f hmt
I Irl~lwm Ily:

t,] r ,J

t
1,,

t’,,,- (1)
I II,

WlII’rII 111ik lllrI IIIIIMII’ WIIVII I IIIIIXII t ltlII* III I 1111
\’ls,\li l,\l)lWillllVll , If, Is I Ill’ V1’11)1’lly Ill’ 1111’



PETN/PhlMA interface iu the YIS.4R expcri-

IIWM. and upk 1S the itpparent velocity Of th~
photodiode peak from the photodiode experiment.
The striking result ns seen in Fig. 3 is that, quench-
ing of the emission begins ns soon M the initial
portion of the plastic wave rtrrives iit the free sur-
face, at least within the 10-Q()ns accuracy of the
analysis. This implies that the emission originates
frotn the entire plastic wave not just behind it,
It suggests that onset of emission coincides with
the onset of sterically hindered shcmr. From time-
resolved spectral measurements this emission wm
interpreted M due to excit.ml elertronir stntes of
1N02.( 1) This raises the possibility that thu wnis-
sion is due to direct llone(lililit)rilllt~ wwitntion by
the sterically hinderd shenr, As su~gcsted ill nrl
earlier art ic1e(2) the en(iothcrlllit tirst st.ei) in ini-
tiation may iuvoivu rl(~tl(~qtlilil)rill[lloxcitntion of
moiecules on a femtosecont.i time scnle causmi by
n mechanical process, strricrtlly Ilimicrrri shcnr oc-
curing in the piastic flow ~~ssm’iat~iwith tlm uni-
o,xinl strain in n pirme sll(xk. It is worth tncn-
tioning that the cniculnted Ilomogeneous t.empw-
nture rise nt 4.2 CPU is Iitx)llt 100”“C’. The peak
in ttw sprxtrnl (iati~ corrwspon(is to 5000 to GO()()
K by \Vien’s law, nl~ utlrwts(mnl)lv twtcrogmwous
temperfiture, much higiwr t hnn ti(lt,otmtion t tlnl-
pcrnture, Furtlwrnwrv tlw slwctrd curves do not
lit those of n ~rny tmiy with ttmst ntlt t,tnissivit,,v.
I{uttwr, tile spectru hnvc {’lli~rl}(’l,r!l’ of it rll(llllilullli-
Iwscrmt edge on tile Idur si~it~.‘1’llisrvsult, suhstwl.
t intro the prwious conrlusi( jtl tlmt, thv (Jwrwvl
olllissioll is LiUU to l[ltrllrl[Is(’otIt’t* fr~mlvxritwi l’h*(’-

tmnk st.ntm,( 1) ~~hilv wr c{)twi(iw t tw ni~trm imi

tilt~it)g of ttw mtlissi(nl h> lMI [wili(ww ft)r n Iril)[b

Il]lllimwmt tlltt(’lnulislll, t 1111l)t~ssillility t ll{~t t I](I
stc~rir;~lly hirl{l(wwl sll(w f’IIllst’s vil)rf)tli(’ lll)l)il[rll)-

itlg fidhwt(l I)y INJII{l Ilrtvikillg, ;III(I t Imt t IN’ tll~II’-

Irot)it, (Ixritt’(i stfitrw Jtt{I {IIIV to slil]stwllitlllt ill(qlli-

t,ni r{w,l it)lis {111n II~III~MI~ItItI{l t lIIitI MIIl\I (,~tlllk)t I)(’

I’ulwl out. Also, t.hl’ (lih(vlt’ld Illldv (’111111!((’s I)\’ Ill)

II) fio(’, J\ 11)11( ’11 l~tr~t)r [411tlIII.11t tl~ltl t lI;It (,II IISIIII I)y

tll(wl~d tII(ItiI!lI, [{III, (~1) SIIW:(ISIS IVIIYS itl \vlli{’11
INMNI wJ@ IIistlwt hm IVII1 ,Irmt ildl)’ chIuIj!t~ t h{’
{~llv,trtlliil, stnt~~ {)1 II III~IltIt’llltI, ( )111’lll~lltlt,lll;lr II I(I.

lll;itlit’s rtwlllts ltl{lit’ilt~,~l 111111%ilillilit’mlt 11(~11(1illl

I\l{I str;tll] INX’lIrIII(l ill I) I;’I’X 1111tlII’ III(WI Ililltl,wwl
(’;IS(W( ;!)

HMX STUDIES
\\’ork ims begun on studying the unit cell of

this monoclinic crystiti. The space group is P21 /c
Possible siip systems rwe being st u(iie(i for reintive
steric hindrance for diiferent possible shock orien-
tations. Because of th~ reduced symmetry of the
unit cell, there are many more ra.ses to consider
than for PETN. The known sli, J systems of an-
thracenc and other moleculnr cry ;trtls of the same
sprtce group have been st u(iiwi for po.ssibie guid-
ance. The importance of twinning in deformation
of HhlX is another conlplicntion. (6.7) Crystais of
110 nnti 011 orientations in P21 /11 have been cut
into slrtbs in pmpruvttion ft)r VISA R experiments.
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